This study aims to assess the abilities of inclined barrier walls (BWs) to retard the migration of contaminants through porous media. Four cases of BW arrangements were considered, including a single inclined BW (BW 1 ) and two adjacent BWs (BW 1 and BW 2 ) with different combinations of inclination ratios (i.e., I 1 = θ 1 /90° and I 2 = θ 2 /90°). Furthermore, the effect of the distance (L) between the contamination source and BW 1 on the migration time (T) was evaluated. A numerical model (GeoStudio) containing two modules (SEEP/W and CTRAN/W) was used. The model proved its reliability to simulate contaminant migration through the porous media, where the normalized objective function values between the simulated and analytical results were 0.02 and 0.04 for the discharge of seepage and concentration of contamination, respectively. The results demonstrated that the migration time was strongly influenced by the inclination ratios of the BWs. Three-dimensional regression analysis was applied to demonstrate the combined effect of the inclination ratio, L and BW arrangements on T.
INTRODUCTION
Water scarcity is a widespread problem in many countries around the world, particularly in arid regions (Abdelhaleem and Helal, 2015; Allam et al., 2016) . Among them, Egypt faces a particularly great challenge due to its limited access to water resources Sobeih et al., 2017) . Moreover, the spread of pollution throughout irrigation and drainage networks threatens the sustainable agricultural use of these limited resources (El Hassan and Allam, 2017) . Unfortunately, the surface water (SW) within the Egyptian irrigation and drainage networks receives a large amount of non-point source pollution. Additionally, most of the wastewater generated within Egypt is dumped into its northern lakes without treatment (El-Mezayen et al., 2018) . As a widespread alternative, groundwater (GW) represents one of the most promising and economically attractive options to enable access to additional water for different uses (El Hassan and Allam, 2017) . However, solid wastes in Egypt are dumped into landfills absent any precautions for the protection of GW and/or SW resources (El-Salam and Abu-Zuid, 2015; Ibrahim and Mohamed, 2016; Ismail and Tawfik, 2015) .
The dynamic behaviour of the quality of both GW and SW is commonly viewed as an impediment to the normal operation and performance of irrigation activities in Egypt (Shaban et al., 2010) . Obviously, GW and SW pollution are crucial environmental problems that affect not only Egypt but also countries around the world (Barlow and Clarke, 2017) . In addition, it is very difficult and expensive to restore polluted aquifers, and the costs required to monitor GW and SW pollution are very high (Strobl and Robillard, 2008) . Thus, an efficient tool to protect GW and SW resources from pollution is urgently needed. In this context, the hydraulic control of contaminant migration represents one of the most common tools for the management, planning, and protection of GW and SW resources (Armanyous et al., 2016) .
Controlling contaminant pollution involves either containing or redirecting contaminants along a certain direction or to a given location for a defined period. Several physical techniques have been used to control (i.e., restrict, stop, contain, or redirect) the migration of contaminants through porous fields. In this respect, the effects of vertical barrier walls (BWs) and/or extraction wells on the hydraulic control of contaminated GW have been extensively investigated by many researchers (Armanyous et al., 2016; Basha et al., 2012; Guglielmetti and Butler, 1997; Nasr et al., 2003) . However, despite the large number of reported studies, the process of hydraulically controlling the migration of contaminants through porous fields is still somewhat immature from an engineering perspective, as most of the abovementioned reports involved laboratory-scale experiments conducted under very limited conditions. In this context, numerical simulations constitute a simple, powerful and economical approach for predicting the migration of pollution through porous media.
Recently, several techniques have been assessed with regard to the numerical simulation of contaminant migration through porous media (Lateb et al., 2016) . These methods have all proved their reliability as useful tools for evaluating the efficiency and suitability of physical techniques for controlling contaminant migration through soil (Al-Juboori and Datta, 2017; Rathod and Sivapullaiah, 2017; Monir et al., 2018) . In particular, the finite element method (FEM) represents an accurate and effective numerical technique for simulating the flow field through a porous media. Among the different types of FEM software, GeoStudio has been proven to be flexible and accurate in simulations of the flow field through porous media (Al-Juboori and Datta, 2017; GE-OSLOPE International Ltd., 2017; Rathod and Sivapullaiah, 2017) .
The effect of the inclination angle of BWs on the migration of contaminants through porous fields is still unclear. Therefore, the objective of this study was to investigate the retarda-tion of contaminant migration through porous media by using inclined BWs. More specifically, the effects of the BW inclination angle and the distance between the source of contamination and the first barrier wall on the rate of contaminant migration were investigated numerically.
MATERIALS AND METHODS Numerical model
The FEM package GeoStudio 2007 was used to simulate the spread of contaminants in porous media. The GeoStudio package includes four modules that can be employed to simulate the flow of either energy or mass (i.e., the flow modules). Accordingly, the GeoStudio model was used to simulate the effect of using inclined BWs on the retardation of contaminant migration through a porous media. Two modules were used, namely, the flow (SEEP/W) and transport (CTRAN/W) modules. The SEEP/W module is used to simulate the flow of water through saturated porous media. Additionally, the CTRAN/W module is used to simulate solute transfer by advection and diffusion, and it is coupled with SEEP/W to simulate the advection of dissolved solutes through water transfer. Detailed descriptions of the governing equations and processes included in the SEEP/W and CTRAN/W modules are presented in GEOSLPE International Ltd. (2017) .
The GeoStudio model was verified in three stages. First, an analytical solution using the fragment method developed by Pavlovsky in 1935 was applied to check the results of the SEEP/W model (Griffiths, 1984) . Second, an analytical solution for the one-way migration of contaminants that considers both advection and dispersion was compared with the advectiondispersion analysis of a numerical model using CTRAN/W. Finally, particle tracking analysis (PTA) was performed using a sandbox model to simulate the motion of pollutants through a porous system. A complete description of the verification process is presented in Monir et al. (2018) and Metwally et al. (2018) .
The GeoStudio accuracy was evaluated using statistics based on calculations of the root mean square error (RMSE) and normalized objective function (NOF) between the simulated and analytical results as follows:
where P i and C i are the predicted and analytically calculated values, respectively; C mean is the mean of the analytically calculated values; and N is the number of measurements. Model predictions are acceptable for NOF values in the interval from 0.0 to 1.0 (Allam et al., 2015) .
Numerical sets
One hundred and twenty numerical runs were performed using inclined and/or vertical BWs. These runs were divided into four sets, as shown in Table 1 . In Set I, a single barrier wall (BW 1 ) with a varying angle of inclination (θ 1 ) was placed at a distance (L) from a source of pollution. The values of θ 1 were 45°, 60°, 75°, 90°, 105°, 120°, and 135°, and the corresponding values of the dimensionless inclination ratio for BW 1 (I 1 ) (i.e., θ 1 /90°) were 0.50, 0.67, 0.83, 1.0, 1.17, 1.33 and 1.5, respec-tively. In sets II, III, and IV, two BWs were used to retard the migration of contaminants, and a second BW (BW 2 ) was placed in succession at a constant distance (X) downstream of BW 1 (Figure 1 ).
In Set II, BW 1 was inclined at angles of θ 1 = 45°, 60°, 75°, 105°, 120° and 135° corresponding to I 1 values of 0.50, 0.67, 0.83, 1.17, 1.33 and 1.5, respectively, while the inclination angle of BW 2 (θ 2 ) was kept constant at 90° corresponding to a dimensionless inclination ratio (I 2 ) (i.e., θ 2 / 90°) of 1.0. 
In Set III, BW 1 was inclined at θ 1 = 90° with an I 1 value of 1.0, while BW 2 was inclined at angles of θ 2 = 45°, 60°, 75°, 105°, 120° and 135° corresponding to I 2 values of 0.50, 0.67, 0.83, 1.17, 1.33 and 1.5, respectively. In Set IV, BW 1 and BW 2 were used with different combinations of θ 1 and θ 2 , as shown in Table 1 ; the values of I 1 were 0.67, 0.83, and 1.0, whereas those of I 2 were 1.17, 1.33, and 1. For all sets, two-dimensional steady-state flow was considered in a homogeneous isotropic porous media with a constant thickness (D) with a hydraulic conductivity (k) of 5×10 -6 m/s. Longitudinal dispersivity and transverse dispersivity was calculated according to Todd and Mays (2005) . The porous media properties for the numerical model are presented in Table 2 .
To evaluate the effect of the distance between the pollution source and BW 1 (L) on the contaminant migration time (T), five values of L were considered in the numerical simulations. The effect of L was expressed in terms of the dimensionless distance ratio (L/D), which took values of 0.05, 0.1, 0.15, 0.2, and 0.25.
In the case of a single BW, the time required for 5% of the initial contaminant concentration to arrive at the porous media surface downstream of the BW was determined. In the case of using two successive BWs, the time required for 5% of the initial contaminant concentration to arrive at the porous media surface downstream of BW 2 was determined. The effects of the inclination angles of the BWs on the migration time of the contaminants were expressed in terms of the dimensionless time ratio (T/T 0 ), where T represents the migration time for 5% of the contaminant concentration to reach downstream of the BW under specific conditions, and T 0 is the migration time for 5% of the contaminant concentration to reach downstream of a vertical single BW with L/D = 0.05.
The boundary conditions for the contaminant flow are presented in Figure 1 and Table 2 . The governing equations of groundwater motion at hydrodynamic pressure liquid equilibrium, forces that resist seepage flow, gravity acceleration, and flowing acceleration forces are expressed as in Halek and Svec (1979) :
where m is the mass, g is gravitational acceleration, X V , y V and z V are velocities components at the x,y,z-directions, respectively, h is head, t is time, and k is the conductivity coefficient.
While, the equation of continuity is expressed as:
The law of conservation (advective-dispersive equation) for solute migration in saturated media was obtained (Todd and Mays, 2005) :
where C is the contamination concentration and dispersion coefficients x D , y D and z D do not vary through space.
Regression analysis
A three-dimensional regression analysis of the numerical results was performed to assess the impacts of the inclination ratio and the distance to the contamination source on the migration time of the contaminants for different arrangements of BWs. Using the three-dimensional plane function (Eq. 3), a statistical regression of the numerical results for T/T 0 (indicated in Eq. 3 as Z) was considered with two independent variables, namely, L/D (indicated in Eq. 3 as x) and I 1 , I 2 , or I 1 . I 2 (indicated in Eq. 6 as y), as follows:
where Z is the dependent variable (T/T 0 ), and a and b are coefficients that control the plane slope. The model fitness was evaluated using analysis of variance (ANOVA), and significance (p-value) was considered according to a 95% confidence level. The statistical analyses were conducted, and the surface response plots were plotted using SigmaPlot 14.0 software.
RESULTS AND DISCUSSION Model verification
The simulated seepage discharge of the contaminant calculated using the SEEP/W module and the analytical values of the seepage discharge using the fragment method are presented in Figure S1 (Supplementary). The simulation and analytical results are in good agreement. The value of the NOF was 0.02 for the seepage discharge. The SEEP/W simulations for the seepage discharge of the contaminant were satisfactory, as the value of the NOF was close to 0.0. Based on these results, the SEEP/W module can be applied to effectively simulate the migration of contaminants through porous media and around BWs.
The analytical solution of the one-way migration of contamination in consideration of both advection and dispersion was compared with the advection-dispersion analysis by using the CTRAN/W module, as shown in Figure S2 . The values of the NOF were 0.015 and 0.004 for pollutant concentrations at discharge times of T = 0.315 and 0.95 years, respectively. The CTRAN/W module verification for the simulated contaminant migration was satisfactory, as the value of the NOF was close to 0. Based on these results, the CTRAN/W module can be applied to effectively simulate the migration of contaminants through porous media.
Furthermore, an experimental simulation of the arrival time of contaminants migrating through porous media using a sandbox model was compared with the numerical PTA in consideration of different values of L/D ( Figure S3 ), and the NOF between the experimental and numerical results of the arrival time was 0.04. Consequently, the SEEP/W and CTRAN modules can be applied to effectively simulate the migration of contaminants through porous media.
The flow field of contaminants through porous media and around different arrangements of barrier walls Single inclined barrier wall
The effects of using a single inclined barrier wall (i.e., BW 1 ) with different values of the inclination ratio (I 1 ) (i.e., I 1 = θ 1 /90°) on the dimensionless ratio of the contaminant migration time (T/T o ) at different values of the dimensionless distance ratio (L/D) are presented in Figure 2a . Most values of T/T o were greater than one, which means that an inclined BW constitutes an effective mechanism for retarding contaminant migration. For L/D = 0.15, 0.20, and 0.25, T/T o exhibited an increase with an increase in I 1 . For L/D = 0.05 and 0.10, T/T o slightly increased with an increasing inclination ratio for the BW up to I 1 = 1.0 (i.e., θ 1 = 90°), whereas there was no clear effect as I 1 exceeded a value of one. At L/D = 0.25, the value of T/T o using a single inclined BW with I 1 = 1.5 increased by 12%, 28%, 33%, 43%, 49%, and 54% corresponding to I 1 = 1.33, 1.17, 1, 0.83, 0.67 and 0.5, respectively. This could be due to an increase in the flow line length of contaminants needed to reach the porous media surface downstream of the inclined BW, as described in Table S1 . The results show that at L/D = 0.25, the value of L p /D for I 1 = 1.5 increased by 7%, 15%, 17%, 21%, 28% and 44% compared with its values at I 1 = 1.33, 1.17, 1, 0.83, 0.67 and 0.5, respectively. = 1.5 with L/D = 0.05 and 0.25, respectively, which Could be due to an increase in the flow line length with increases in both the inclination angle and the distance between the barrier wall and the pollution source . In summary, the best value of I 1 for locating a single inclined BW to retard the downstream migration of contaminants is I 1 = 1.5, and the BW should be as far from the contamination source as possible. The contamination flow field through porous media using a single inclined barrier wall with I 1 = 0.83 at different times, the shapes of the flow lines, and the equipotential lines are presented in Figure 3 . The results show that the time required for 5% of the initial contaminant concentration to arrive at the porous media surface downstream of the BW was 12.7 years with I 1 = 0.83 and L/D = 0.15.
An inclined barrier wall followed by a vertical barrier wall
The effects of using an inclined BW with different inclination angle ratios followed by a vertical BW on the values of T/T o at different L/D ratios are presented in Figure 2b . For all tested flow conditions, all values of T/T o were greater than one. For all values of L/D, T/T o decreased with an increase in I 1 . For instance, the value of T/T o at I 1 = 0.5 and L/D = 0.05 increased by 26%, 54%, 71%, 78%, 82% and 84% relative to its values at I 1 = 0.67, 0.83, 1, 1.17, 1.33 and 1.5, respectively. In addition, the value of T/T o at I 1 = 0.5 and L/D= 0.25 increased by 17%, 20%, 21%, 27%, 32% and 39% compared with its values at I 1 = 0.67, 0.83, 1, 1.17, 1.33 and 1.5, respectively. These results prove that the effect of an increase in I 1 on T/T o decreases with an increase in L/D, which conforms with the percolation line Table 1S . These results show that the best arrangement for using BW 1 with different values of θ 1 and a vertical BW 2 is the use of BW 1 with I 1 = 0.5 (i.e., θ 1 = 45°) at L/D = 0.05. In contrast, using an inclined BW followed by a vertical BW gives higher values of T/T o than those obtained with a single inclined BW, especially for I 1 < 0.90.
Vertical barrier wall followed by an inclined barrier wall
The effects of using a vertical BW followed by an inclined BW with different inclination ratios on T/T o at different values of L/D are presented in Figure 2c . For all values of L/D, T/T o displayed a significant increase with an increment in I 2 . At L/D = 0.05 and I 2 = 1.5, T/T o increased by 62%, 55%, 43%, 29%, 17% and 8% relative to its values at I 2 = 0.5, 0.67, 0.83, 1, 1.17, and 1.33, respectively. In contrast, at L/D = 0.25 and I 2 = 1.5, T/T o increased by 50%, 42%, 29%, 17%, 7% and 3% compared with its values at I 2 = 0.5, 0.67, 0.83, 1, 1.17, and 1.33, respectively. These results are also in accordance with the percolation line results shown in Table 1S . In summary, the best arrangement for a vertical BW followed by an inclined BW with different inclination ratios is the use of BW 2 with I 2 = 1.5 at L/D = 0.25. Under these circumstances, the longest flow line and the corresponding longest migration time can be attained. Figures 2b and 2c clarifies that the use of an inclined BW followed by a vertical BW gives higher values of T/T o for I 1 values that are lower than 1.0. However, using a vertical BW followed by an inclined BW gives higher values of T/T o for I 2 values exceeding 1.0.
Using two successive inclined barrier walls
The effects of using two successive inclined BWs with different inclination ratios on T/T o at different values of L/D are presented in Figure 2d . The two inclination ratios (i.e., I 1 and I 2 ) were multiplied together to express the combined effect (I 1 .I 2 ) of the inclination ratios of both walls on the contaminant migration time. For all values of L/D, T/T o showed a significant decrease with an increment in I 1 .I 2 . The values of T/T o with two inclined BWs at I 1 = 0.67 and I 2 = 1.17 (I 1 .I 2 = 0.78) increased by 32%, 26%, 27%, 29% and 30% for L/D= 0.05, 0.1, 0.15, 0.2, and 0.25, respectively, compared with its values at I 1 = 0.83 and I 2 = 1.33 (I 1 .I 2 = 1.11). In contrast, the values of T/T o with two inclined BWs at I 1 = 0.67 and I 2 = 1.33 (I 1 .I 2 = 0.89) increased by 16%, 12%, 4%, 11% and 7% for L/D = 0.05, 0.1, 0.15, 0.2, and 0.25, respectively, compared with its values at I 1 = 1.0 and I 2 = 1.0 (I 1 .I 2 = 1.0). These results show that the effects of I 1 and I 2 on T/T o decrease with an increase in the value of L/D. In summary, the use of two successive inclined BWs gives higher values of T/T o, especially for higher values of I 1 and I 2 . The flow field of contamination through porous media with two successive inclined BWs at I 1 = 0.83 and I 2 = 1.16 at different times, the shapes of the flow lines, and the equipotential lines are all presented in Figure 4 . c d e f
Comparison between different barrier wall arrangements
A comparison among different barrier arrangements, namely, the single vertical barrier arrangement examined by Basha et al. (2012) , the two equal barriers with solid floors evaluated by Metwally et al. (2018) , and the arrangements examined in the present study (Set I, Set II, Set III, and Set IV), is presented in Figure 5 . This comparison shows that the value of T/T 0 with a single inclined BW increases relative to its value with the single vertical barrier of Basha et al. (2012) by a value ranging from 19.5% to 32.5%. In contrast, the values of T/T 0 with the inclined BWs in Set II, Set III, and Set IV increased by values ranging from 27% to 244%, from 21% to 41%, and from 18% to 181%, respectively, relative to the corresponding values for two equal barriers with solid floors as suggested by Metwally et al. (2018) . Furthermore, the values of T/T 0 for Set II, Set IV and Set III increased compared with its values for the single vertical barrier of Basha et al. (2012) by values ranging from 209% to 920%, from 194% to 318%, and from 185% to 732%, respectively. These results prove the effectiveness of using inclined BW as opposed to vertical BW for retarding the migration of contaminants.
Three-dimensional regression analysis of the contaminant migration time
The three-dimensional plane equation (Eq. 6) was applied for the three-dimensional regression analysis of the numerical results. The combined effect of L/D (x) with I 1 , I 2 , or I 1 .I 2 (y) on the migration time (T/T 0 ) was extensively assessed. Accordingly, the following equations were obtained as functions of the inde-endent variables (x and y) to fit the observed data (Eqs. 7-10): 
where Eqs. (7), (8), (9), and (10) represent T/T 0 for a single BW, two BWs where BW 1 is inclined, two BWs where BW 2 is inclined, and two inclined BWs, respectively. The predicted values of T/T 0 were statistically compared with the simulated values using ANOVA, as shown in Table 3 . The results reveal that the R 2 values of the four models statistically fitted to the simulated data ranged from 0.69 to 0.98. The F-values were higher than the p-values (low probability), indicating that the predicted results are significant. The threedimensional plots for T/T 0 as functions of L/D and I 1 , I 2 , or I 1 .I 2 are also shown in Figure 6 . In this analysis, a peak value for T/T 0 was clearly detected; therefore, the maximum T/T 0 value can be recorded under the conditions used herein.
CONCLUSIONS
The effects of using inclined barrier walls (BWs) on the contaminant migration time (T/T o ) through porous media was eval-uated. A numerical model (GeoStudio) with two modules (SEEP/W and CTRAN/W) was used to simulate groundwater (GW) flow and solute migration through porous media. Four cases of BW arrangements were considered, including a single BW (BW 1 ) and two successive BWs (BW 1 and BW 2 ) with different combinations of inclination angles (i.e., θ 1 and θ 2 for BW 1 and BW 2 , respectively). The model accuracy was evaluated using statistics based on calculations of the normalized objective function (NOF) between the simulated and analytical results. The values of the NOF were 0.02 and 0.04 for the discharge of seepage and concentration of contamination, respectively. Accordingly, the model proved its reliability to simulate contaminant migration through porous media, as the NOF val- ues were close to zero. For a single BW, T/T o increased with an increase in I 1 . Moreover, the effect of an increase in I 1 on T/T o decreased with an increase in L/D. The best I 1 value for a single inclined BW to retard the downstream migration of contaminants is I 1 = 1.5, and the BW should be located as far from the contamination source as possible.
In the case with an inclined BW followed by a vertical BW, for all values of L/D, T/T o decreased with an increase in I 1 . Additionally, the effect of an increase in I 1 on T/T o decreased with an increase in L/D. In the case with a vertical BW followed by an inclined BW, for all values of L/D, T/T o significantly increased with an increment in I 2 ; for all values of L/D, T/T o significantly decreased with an increment in I 1 .I 2 . Moreover, the effects of the inclination ratios I 1 and I 2 on T/T o decreased with an increase in L/D. In summary, the migration time was strongly influenced by the inclination angles of the BWs; for all tested conditions, T/T o > 1, indicating that inclined BWs have a significant ability to retard contaminant migration. Three-dimensional regression analysis was applied to examine the combined effect of the BW inclination angles, the distance to the source of contamination and the arrangements of BWs on the contaminant migration time. These three-dimensional models could be effectively used to quantify the effects of inclined BW on the hydraulic retardation of contaminant flow fields through porous media.
Received 3 December 2018
Accepted 19 
